Cisplatin-resistant gastric cancer (GC) occurs in patients with GC treated with cisplatin-based chemotherapy, which results in disease progression and early recurrence during the treatment.
Background
Gastric cancer (GC) is one of the major malignancies in the world, especially in East Asia [1, 2] . Newly diagnosed gastric cancers in China account for 44.2% of new gastric cancers globally. In China, most GC is diagnosed at an advanced stage [3] . At present, patients with GC in China are characterized by "3 highs and 3 lows": high incidence rate, high metastasis rate, high mortality rate, low early diagnosis rate, low radical resection rate, and low survival rate. Comprehensive treatment of systemic chemotherapy is currently the main treatment method [4] . The 2016 National Clinical Cancer Network (NCCN) recommends cisplatin as a front-line treatment for advanced GC, as the median survival time and disease-free survival time in platinum-based chemotherapy groups is significantly longer than with non-cisplatin-containing regimens [5] [6] [7] . However, this preferred treatment can be dramatically compromised by tumor drug resistance [8] . Since this reduces the topical drug concentration in the cancer region, clinicians usually choose to increase the drug dosage or change the therapy scheme. Nevertheless, these alternatives can also lead to systemic toxicity, such as liver damage, bone marrow suppression, neuritis, and other unknown adverse events [9] . Consequently, there is an urgent need to explore the mechanism underlying regulation of cisplatin resistance and to identify other ways to improve cancer treatments.
Mechanisms of cisplatin resistance include enhanced DNA repair ability, high activity of Glutathione S-transferase (GSTs), spontaneous cell autophagy, and high expression of P-glycoprotein (P-gp) [10] [11] [12] [13] . Emerging evidence has demonstrated that abnormal expression of proteins (e.g., microtubule-associated serine/threonine kinase 1, copper transporter 1), noncoding RNA (lncRNA, (e.g., lncRNA KCNQ1OT and lncRNA MEG3) or miRNAs (e.g., miR-363 and miR-2) can regulate the chemotherapy sensitivity of cancer cells to cisplatin [14] [15] [16] [17] . Furthermore, nextgeneration sequencing technology has been widely utilized for effective target screening, especially in biological applications. The next-generation sequencing analysis is an open discovery system for discovering new genetic information, which has been applied for searching potential targets in some diseases. Various studies have searched for potential targets during cisplatin resistance [18] . However, the underlying mechanisms of cisplatin resistance are quite complex, and have not been fully elucidated.
In this study, we constructed the SGC7901/DDP (resistant to cisplatin) cells, and then analyzed mRNA expression profiles, exploring more molecular targets for chemotherapy and guiding appropriate methods for GC with cisplatin resistance.
Material and Methods

Cell culture
The SGC7901/S (sensitive to cisplatin) human GC cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, People's Republic of China). SGC7901/S cells were exposed to cisplatin (Dalian Meilun, People's Republic of China) at an initial concentration of 0.01 mg/L. Subsequently, surviving cells, which were tolerant to cisplatin, were selected and cultured in cisplatin at twice the previous concentration. This procedure was repeatedly applied to the cells until they could grow well in the presence of 2.0 mg/L cisplatin. SGC7901/DDP (resistant to cisplatin) cells were successfully established when the cells were tolerant to 2.0 mg/L cisplatin. The SGC7901/DDP cells were continuously exposed to cisplatin for maintenance of resistance. The cells were cultured in RPMI-1640 (Gibco, Carlsbad, CA with 10% fetal bovine serum (FBS, Gibco) at 37°C in a humidified 5% CO 2 incubator.
Cell viability analysis
Cells were seeded into 96-well plates at a density of 3000/well and cultured for 24 h. Then, the cells were treated with different concentrations of cisplatin (0.01, 0.1, 1, 10, 20, 50, or 100 μg/mL). Cells were quantified after 48 h using the CCK-8 assay (Donjindo, Kumamoto, Japan) following the manufacturer's protocols. The OD value at 450 nm were collected for cell viability analysis from a microplate reader. The half-maximal inhibitory concentration (IC50) was determined via the OD value above, and then the resistance index (RI) was calculated with the formula: RI=IC50 (SGC7901/DDP)/IC50 (SGC7901/S).
RNA sequencing analysis
Total RNA was extracted from the cells using TRIzol reagent according to the standard protocol (Invitrogen, Carlsbad, CA). RNA concentration and purity were evaluated using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). RNA integrity (RIN ³7 and 28S/18S ³0.7) was assessed on an Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA). Oligo (dT) magnetic beads (Invitrogen) were used to enrich mRNA. Following fragment screening, library building, and PCR product purification, the samples were sequenced on a BGISEQ-500 platform at the BGI Bioinformatics Corporation (Shenzhen, China). After primary sequencing data passed quality control, the raw reads were filtered to obtain clean reads, which were aligned to the reference genome using HISAT and to reference gene sequences using Bowtie2. Gene data were assessed using RSEM software. The differentially expressed genes (DEGs) between SGC7901/DDP cells and SGC7901/S cells were identified using the Poisson distribution method. The significance of DEGs were determined by the threshold with an adjusted P value [FDR q value] <0.001 and cut-off of |Log2Ratio|³1.
GO (Gene Ontology) analysis and Kyoto Encyclopedia of Genes and Genomes database (KEGG) pathway analysis GO analysis was carried out to elucidate the biological functions of the DEGs in the experiment. We downloaded the GO annotations from Gene Ontology (http://www.geneontology.org/). This analysis classifies the functions of these DEGs into 3 aspects: biological process, cellular component, and molecular function. Fisher's exact test was applied to identify the significant GO terms, and FDR was utilized to correct the P values. Pathway analysis was utilized to find out the significant pathways of the DEGs according to KEGG. Fisher's exact test was used to select the significant pathways, and the threshold of significance was defined FDR.
Quantitative real-time PCR analysis (qRT-PCR)
Total RNA was extracted as mentioned above and reversely transcribed into cDNA using the PrimeScript RT Master Mix (TaKaRa, Dalian, China). The expression of target genes randomly selected from the top 20 dysregulated DEGs that were independently validated using the SYBR Green I PCR Kit (Takara) following the manufacturer's standard protocols. Fold change ) was normalized to GAPDH [19] . The primer sequences are shown in Table 1 .
Western blot analysis
The protein samples were extracted using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) supplemented with protease inhibitors. A total of 40 μg protein was separated and transferred onto nitrocellulose membranes. Membranes were incubated with primary antibodies to E-cadherin (1: 1000; Cell Signaling Technology, Danvers, MA), N-cadherin (1: 1000; Cell Signaling Technology), Vimentin (1: 1000; Cell Signaling Technology) and b-actin (1: 1500; Abclonal, Wuhan, China) at 4°C overnight, followed by incubation with appropriate secondary antibodies. Protein bands were captured using the ChemiDocTM XRS system (Bio-Rad, Shanghai, China).
RNA interference assay
Tow specific siRNA targeting the top 5 upregulated mRNAs (CBSL, SORBS2, GAGE12B, LOC101927345, RBM14-RBM4) and negative control (NC) siRNA were bought from Ribobio Co., LTD (Guangzhou, China). SGC7901/DDP cells were suspended in Opti-MEM (Invitrogen) and reverse transfections were performed with a 1: 1 mixture of 2 siRNAs using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. The siRNAs sequences are indicated in Table 2 .
Target gene
Sequence (5'-3') Product length (bps) 
Flow cytometric analysis
Cells were transfected with siRNAs for 48 h and were suspended in PBS for further experiments. Cell cycle distribution and apoptotic cell proportion were analyzed on a FACSCanto II flow cytometer (BD Biosciences) and detected using a cell cycle detection kit (Keygen, Nanjing, China) and the Annexin-V-FITC/PI apoptosis detection kit (Keygen), respectively, as per the manufacturers' instructions.
Statistical analysis
Data are presented as the means ± standard deviation (SD). Statistical evaluation of the data was performed using SPSS 22.0 software (SPSS, Chicago, IL). The comparable results from at least 3 independent experiments were statistically calculated using the unpaired t test and one-way ANOVA. Linear regression was performed with Pearson's correlation coefficient (R). Differences were considered significant when P<0.05.
Results
Expression profiles mRNAs in SGC7901/DDP cells
We developed cisplatin-resistant SGC7901 cells (SGC7901/DDP) from the parental cells (SGC7901/S) by continuous exposure to increasing concentrations of cisplatin, which caused SGC7901 cells to undergo the transformation from epithelial to mesenchymal appearance ( Figure 1A) , as indicated by decreased expression of the epithelial marker E-cadherin, and increased expression of the mesenchymal markers N-cadherin and Vimentin ( Figure 1B) . We verified the drug sensitivity of SGC7901/DDP cells using CCK-8 assay ( Figure 1C) . The results showed that the IC50 of SGC7901/DDP cells is 24.93±1.63 µg/ml compared with 1.948±0.373 µg/ml in SGC7901/DDP cells, and the RI for SGC7901/DDP cell lines was 12.80, suggesting these cells are resistant to cisplatin. We then detected the mRNAs profile of SGC7901/DDP cells and SGC7901/S cells using the secondgeneration BGISEQ-500 RNA sequencing platform (detailed information could be accessed with GSE122130 at GEO database). We used volcano plots to assess and compare gene expression variation between the SGC7901/DDP cells and SGC7901/S cells ( Figure 1D ). Compared to SGC7901/S cells, a total of 2014 mRNAs exhibited upregulated expression levels 
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and 1151 mRNAs exhibited downregulated expression levels in SGC7901/DDP cells, indicating that these mRNAs might also have common functions in facilitating the drug resistance of SGC7901 cells to cisplatin. The top 20 dysregulated mRNAs from our RNA sequencing are listed in Table 3 .
Verification of dysregulated mRNAs using qRT-PCR assay
We randomly selected 5 upregulated or downregulated mRNAs (CBSL, GAGE12B, ANK2, FGF22, PLGLB2, SERPINB3, MSMP) from the top 10 dysregulated genes for qRT-PCR verification. The relative fold changes (SGC7901/DDP compared to SGC7901/S) detected by qRT-PCR were in agreement with the RNA sequencing results ( Figure 1E, 1F) , indicating the reliability of our experiment data.
Verification of the functional role of the upregulated mRNAs using RNAi experiments
The top 5 mRNAs (CBSL, SORBS2, GAGE12B, LOC101927345, RBM14-RBM4) that were highly expressed in SGC7901/DDP cells compared with SGC7901/S cells were selected for further loss-of-function study (Figure 2A ). We knocked down these selected mRNAs, which were confirmed by qRT-PCT assay ( Figure 2B) , and then performed cell function experiments to validate their anti-proliferative effect on SGC7901/DDP cells. As shown in Figure 3A , 3B, knockdown of these 5 genes attenuated the drug resistance of SGC7901/DDP cells, as well as decrease the RI, respectively. Moreover, knockdown of these 5 genes also induced cell apoptosis ( Figure 4A , 4C) and arrested cell cycle at G2/M phase ( Figure 4B, 4D) . These results further confirmed that the dysregulated mRNAs obtained from our RNA sequencing assay contributed to the modulation of cisplatin resistance of SGC7901 cells.
Bioinformatics analysis of the DGEs
GO annotation and enrichment analysis was performed to determine which biological processes, cellular components, and molecular functions are affected by the differentially expressed mRNA in SGC7901/DDP cells. In the GO pathway enrichment analysis, the most frequently predicted functions of aberrant mRNAs were metabolic process, immune system, locomotion, cell adhesion, cell growth, cell kill, cytoskeleton organization, cell binding, signal transducing activity, and antioxidant activity ( Figure 5A ).
Through KEGG pathway analysis, we discovered which pathways were implicated in drug resistance property, and better defined the biological functions of significantly dysregulated mRNAs. The top 20 enrichment KEGG terms are exhibited in Figure 5B , indicating that the differentially expressed mRNAs are associated with the PI3K-Akt signaling pathway, Rap1 signaling pathway, proteoglycans in cancer, regulation of actin cytoskeleton, and pathways in cancer.
Discussion
Surgery remains the main therapy for GC, but recent studies proved that perioperative and postoperative adjuvant chemotherapy and chemoradiation can improve the outcome of patients with advanced GC, and cisplatin constitutes the major therapeutic option [20] . Unfortunately, cancer cells always become resistant to cisplatin-based therapies, thus leading to relapse and therapeutic failure. For this reason, exploring the molecular mechanisms of cisplatin resistance is of great significance, even if it is far from completely elucidated to date. In this study, we conducted mRNA sequencing using SGC7901/S and SGC7901/DDP cells on a BGISEQ-500 sequencer. 
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After validations of the expression and function of the uncovered differentially expressed mRNAs, GO annotation and enrichment analysis and KEGG pathway analysis were carried out to explore the potential mechanisms and chemotherapeutic molecular targets to cisplatin resistance.
The best-expounded mode of action of cisplatin are DNA damage response and mitochondrial apoptosis [21, 21] . When the degree of DNA damage is limited, cisplatin adducts induce cell cycle arrest in the S and G2 phases, which allows the repair mechanisms to reconstruct DNA integrity and prevent abortive or abnormal mitoses [23] . Nevertheless, if the DNA damage is not repaired, cells die (mostly by apoptosis). To validate the reliability of the RNA sequencing data, siRNAs-based rescue experiments, including cell viability assay, cell cycle distribution, and apoptotic cell proportion analyses, were conducted, and the results displayed that after knockdown of the top 5 upregulated genes (CBSL, GAGE12B, SORBS2, LOC101927345, RBM14-RBM4) in SGC7901/DDP cells compared to SGC7901/S cells, the drug resistance were attenuated, the apoptotic rate increased, and cell cycle was arrested at G2/M phase, which indicated that they might function as boosters to cisplatin resistance. However, there were few studies on their effect, and the present study appears be the first to elucidate their function in cancer. We also noted that many genes showing differential expression in RNA sequencing data have been demonstrated to be associated with cisplatin resistance in cancers, such as ABCA8 in ovarian cancer [24] , HOXD3 in breast cancer [25] , and HSPB1 in nasopharyngeal carcinoma [26] . Nevertheless, our study also uncovered dozens of DEGs that were enriched in cell growth (biological process) as revealed by GO analysis, which not only proves the reliability of the RNA sequencing data, but also revealed numerous potential targets that regulate cisplatin resistance.
Cancer stem cells (CSCs), largely attributed to the cellular biological program termed epithelialmesenchymal transition (EMT), are more resistant than non-CSCs of the same cancers to conventional chemotherapy [27] . For instance, previous research demonstrated that CD44+ (the only CSC marker of 3 GC cell lines, AGS, MKN-45, and N87, associated with tumor formation in vivo and spheroid colony formation in vitro) cells of these 3 GC cell lines are more resistant to cisplatin than CD44-cells [28, 29] . We observed that with the acquisition of cisplatin resistance, SGC7901 cells transitioned from epithelial state to mesenchymal state, the expression of the epithelial maker E-cadherin was downregulated, and the expression of mesenchymal makers N-cadherin and Vimentin were significantly increased. At the same time, the bioinformatics analysis of the differentially-expressed genes showed that many genes were enriched in molecular mechanisms (using GO analysis), such as cell localization, locomotion, biological adhesion (biological process), cytoskeleton organization (cellular component), cell binding (molecular function), and pathways (using KEGG pathway analysis), such as cell adhesion molecules, ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway, and Hippo signaling pathway, which, as mentioned above, are significantly correlated with EMT and CSCs properties [27, 30, 31] . These results show a strong mechanistic link of EMT, CSCs, and cisplatin resistance in SGC7901 cells.
Additionally, some of the bioinformatic results have been confirmed to be involved in cisplatin resistance in other cancers. For example, in the Rap1 signaling pathway, Lu Xiao and colleagues discovered that the cytoplasmic Rap1-NF-kB-BCL2 axis is a key mechanism in cisplatin resistance in non-small cell lung cancer [32] . Studies demonstrated that cisplatin-induced oxidative stress is one of the molecular mechanisms of cisplatin pharmacology [33] , and our bioinformatic results showed that antioxidant activity might play a role during the acquisition of cisplatin resistance. There may be many underlying mechanisms that give rise to cisplatin resistance, because some of the GO and KEGG terms proposed in our study, such as metabolic process, immune system, and estrogen signaling pathway, are rarely reported. 
Conclusions
Taken together, the present study provides a global horizon of the function of the DEGs between SGC7901/DDP and SGC7901/S cells, and explores the potential mechanisms that induce cisplatin resistance. Although the past years have witnessed some great discoveries in cisplatin resistance of cancers, further investigation is still urgently needed.
